Highlights d A descending brainstem circuit controls behavioral responses to noxious stimuli d Parabrachial to reticular formation connections coordinate nocifensive escape d The parabrachial and reticular formation neurons in this circuit express Tac1 d Activation of the circuit amplifies escape behavior
INTRODUCTION
Exposure to noxious stimuli can elicit a wide range of nocifensive behaviors, from reflexive withdrawal to more complex affective-motivational responses and efforts to alleviate or avoid pain. For example, standing barefoot on the beach on a hot day may be enjoyable. But as the sensation of the heat grows more intense, our responses quickly escalate from alternating lifting of feet to hopping and eventually running toward the water for relief. A similar sequence of events is seen experimentally in animals when they are placed on a heated surface (known as the hot plate test), suggesting these behavioral responses are conserved.
The lateral division of the parabrachial nucleus (PBNl) is often thought of as the gateway through which information about aversive stimuli reaches the brain from the periphery and spinal cord (Palmiter, 2018) . Recordings in anesthetized rats or more recent calcium imaging studies in awake behaving mice confirm neu-rons in the PBNl respond to a wide range of noxious stimuli (Bernard and Besson, 1990; Bester et al., 1995; Campos et al., 2018; Menendez et al., 1996; Mu et al., 2017) . In turn, the PBNl projects to a large number of brain regions including the hypothalamus, amygdala, thalamus, insular cortex, and periaqueductal gray, consistent with roles in a range of emotional, motivational, and homeostatic responses to noxious stimuli (Alden et al., 1994; Krukoff et al., 1993; Saper and Loewy, 1980) . In terms of pain sensation, recent studies have shown that a subset of PBNl neurons that express the neuropeptide calcitonin gene-related peptide (CGRP) project to the central nucleus of the amygdala (CeA) and are important for learning from painful foot shock , responses to visceral malaise (Carter et al., 2013 (Carter et al., , 2015 , and scratching in response to pruritogens (Campos et al., 2018) . However, CGRP neurons make up a small fraction of neurons in the PBNl and the function of other neural populations in this region for pain-related responses has not been explored.
Interestingly, experiments on decerebrated cats (Whelan, 1996) and rodents (Woolf, 1984) have shown escape-like responses to noxious stimuli persist in the absence of the forebrain. These findings implicate supra-spinal hindbrain circuits in the pons and/or medulla as necessary and sufficient for the expression of certain coordinated nocifensive behaviors. However, the underlying neural substrates remain unknown. We now show the PBNl is required for coordinated nocifensive reactions even in the absence of its targets in the amygdala, thalamus, hypothalamus, and insular cortex. Instead, both normal and sensitized behavioral responses to noxious heat are mediated by a small group of Tachykinin1 (Tac1)-positive neurons in PBNl that receive monosynpatic input from dorsal spinal cord and make excitatory connections with the dorsal reticular formation in the medulla (MdD). Remarkably, target cells in the MdD also express Tac1, are pronociceptive, and project to the dorsal spinal cord and PBNl. These data reveal an excitatory feedforward Tac1 spinal-brainstem-spinal circuit underlying the generation of heightened pain responses.
RESULTS

Decerebration in Mice Preserves Supraspinal Pain Reflexes
To start to explore the supraspinal circuits important for coordinated nocifensive behavior, we compared the responses of control mice with those that had either undergone pre-mammillary decerebration (Meehan et al., 2017) or had thoracic spinal transections in addition to decerebration (Fong et al., 2005) . Two different types of noxious heat behavioral paradigms were used to differentiate between spinal and supraspinal responses (Corder et al., 2017; Espejo and Mir, 1993; Hammond, 1989; Hargreaves et al., 1988) . The first test involved acute radiant heat focused on the hindpaw (the Hargreaves test), which evokes a spinally mediated reflex. The second test examined escape behaviors elicited by prolonged exposure to a hot plate. As expected, all groups withdrew their hindlimb from the radiant heat with similar latencies ( Figure 1A ). On the other hand, only the control and decerebrated mice attempted escape and protective behaviors, specifically jumping, when placed on a platform set to 52 C for a minute (hot plate test) ( Figure 1B) . These results show that the necessary neural circuitry for jumping in response to noxious heat is contained within the brainstem and spinal cord of mice, consistent with previous studies in other animals (Woolf, 1984) .
A major axonal target of the spinal projection neurons that respond to noxious stimuli is the PBNl (Todd, 2010) . Histological examination of the brainstems from the decerebrated animals confirmed that exposure to noxious heat results in a significant elevation of activity in the PBNl as measured by increases in the number of cells positive for the immediate early gene c-Fos ( Figure 1C ). Intriguingly, blocking excitatory input to the PBNl in decerebrated mice, via bilateral infusion of the AMPA receptor antagonist NBQX (Nikam and Kornberg, 2001) , not only decreased the induction of Fos in response to a hot plate set at 52 C ( Figures 1D-1F ), but also reduced jumping behavior in the hot plate test ( Figure 1G ). The limited labeling seen in control injections of the low molecular weight florescent tracer FITC suggested that the NBQX acted locally within the parabrachial nucleus to reduce pain responses ( Figure 1E ). Thus, excitation of PBNl neurons is critically important for brainstem-mediated nocifensive responses to noxious heat in decerebrated mice.
A Subset of PBNl Neurons Make Descending Projections to the MdD
We reasoned that the persistence of PBNl-dependent escape behaviors after decerebration means that neurons in the PBN mediate nocifensive responses through connections to the Figure 1 . PBNl Is Required for Motor Responses to Noxious Heat in the Absence of the Forebrain (A) In the Hargreaves test, a radiant heat source is focused on one hindpaw and the latency to withdraw is recorded. Decerebrated and spinalized mice display similar withdrawal response to noxious heat as in controls (n = 6). (B) Hot plate testing was performed in a chamber at 52 C for 60 s. Normally, mice exhibit escape-like behaviors (jumping) when placed on the hot surface for longer than 30 s. Quantification of the number of times a mouse attempted to jump shows the brainstem, but not the forebrain, is required for this type of response (n = 6). (C) Exposure to noxious temperature results in Fos induction in the PBNl in the absence of forebrain connections, indicating this noxious stimulus increases activity in this region. Immunohistochemistry of coronal sections from decerebrated mice exposed to warm temperature (32 C) reveals very low levels of Fos. In contrast, exposure to noxious heat (52 C; right) results in a dramatic increase as Fos staining. Representative image of findings from 3 mice per condition. (D) Post hoc examination of each brain was used to confirm the location and completeness of the decerebration procedure as shown by a representative image of decerebrated brain. (E and F) The induction of Fos expression in the PBNl requires excitatory inputs. Quantification of labeled cells shows that the induction of Fos after the 52 C hot plate is greatly attenuated (E, right) by prior stereotactic injection of the AMPA receptor antagonist NBQX (left panel shows the limit of injection spread labeled by simultaneously injecting FITC) into the PBNl (Student's t test, ***p % 0.001, n = 7 sections from 3 mice) in decerebrated mice (F). (G) Stereotaxic injection of NBQX into the PBNl of decerebrated mice reduces jumping behavior in the hot plate test (7 ± 1.06 compared to 1.8 ± 1.4 jumps, respectively; Student's t test, *p % 0.05, n = 6 mice), demonstrating excitatory input to this brainstem region is required for the response. brainstem or spinal cord. We therefore carried out anatomical tracing studies to identify regions targeted by PBN neurons. The majority of neurons in the PBNl express excitatory neuron marker Vglut2 (Mu et al., 2017) , allowing us to use a Cre-dependent viral labeling strategy to visualize the brain-wide projections from this region. Stereotaxic injection of CAG-Flex-tdTomato into the PBNl of Vglut2 Cre mice resulted in labeled axons in the forebrain (PVH, CEA, AIP, and VPMpc) and midbrain (PAG), consistent with previous studies (Alden et al., 1994; Krukoff et al., 1993; Saper and Loewy, 1980) (Table S1 ). Notably, there was also strong axonal labeling that appeared to terminate in the reticular formation in the brainstem (MdD; Table S1), showing PBNl neurons also make descending projections (Geerling et al., 2017) .
Examination of the Allen Brain Atlas indicated that PBNl neurons are heterogeneous in terms of gene expression. RNAscope experiments confirmed that neuropeptide genes label small clusters of neurons in the PBNl (Figures 2A and S1 ). We therefore used anterograde Cre-dependent viral tracing from a panel of knockin mice that included Tac1 Cre , Nts1 Cre , Calca Cre-ert2 , and Pdyn Cre strains to determine the sites of projections for each of these PBNl populations. As expected, ascending projections to the forebrain were observed in all four lines (see Table S1 for projections patterns of these and other lines marking PBNl neurons). Notably, only Tac1-positive PBNl neurons targeted the brainstem with prominent labeling of the MdD . We confirmed that the PBNl Tac1 neurons have terminal specializations in the MdD ( Figure S2E ) using Cre-dependent expression of a pre-synaptic fluorescent marker (Syb2GFP). Thus, only PBNl Tac1 neurons make connections that seem suited to mediate brainstem-dependent jumping in response to noxious heat.
PBNl Tac1 Neurons Promote Rapid Escape in Response to Noxious Stimuli
To examine the role of PBNl Tac1 neurons in somatosensory signaling, we tested how activation of these neurons affected behavioral responses to a range of sensory stimuli. We used stereotaxic injection of AAV to target expression of the Gq-coupled DREADD hM3Dq (Alexander et al., 2009; Krashes et al., 2011) to PBNl Tac1 neurons. At baseline, chemogenetic activation of PBNl Tac1-hM3Dq with CNO ( Figures 3A and 3B ) did not directly elicit spontaneous nocifensive, depressive, or anxiety-like behaviors ( Figure S3F ). Moreover, baseline spinal reflexes to heat ( Figure 3C ) and cold ( Figure S3E ) were no different from controls. CNO-treated mice exhibited normal preferences on thermal gradient ( Figure S3C) . Similarly, the hot plate temperature threshold ( Figure S3F ) was indistinguishable from controls. We did not find evidence that stimulation of PBNl Tac1 affected general locomotion or anxiety in open field tests ( Figure S3G ). CNO activation of PBNl Tac1 did not result in spontaneous scratching or increase the frequency of scratching bouts in response to chloroquine injected in the nape of the neck (Figure S3H ). Thus, PBNl Tac1 neurons seem to have surprisingly little effect on normal baseline responses to a range of acute somatosensory stimuli. Strikingly, however, we observed dramatically different results when mice were placed on the hot plate set to a noxious temperature (55 C). Normally, mice go through a sequence of escalating behaviors on the hot plate that begin with paw lifting after a short latency (<10 s), evolving into paw (red, tac1; green, top, nts1; bottom, calca1; gray, top, pdyn; bottom, nts1) shows distinct distribution of distinct cell populations in the lateral external (PBNl). White arrows in the inset points to tac1 cells that do not co-localize with other markers. Representative image of findings from 2 mice per experiment. (C) CNO administration results in immediate and robust jumping behavior on hot plate (55 C for 30 s; mice do not attempt to escape or jump under these conditions, as seen in the saline-treated animals) in PBNl Tac1-hM3Dq mice. PBNl Tac1-hM3Dq jumped 7.8 ± 1.6 times after CNO compared to 0.22 ± 0.14 after saline; Student's t test, ***p % 0.001, n = 9 mice (left panel). Note that after CNO there is less licking since the mice are jumping instead (middle panel). Furthermore, CNO administration had no noticeable effect on spinal reflexes as measured by the Hargreaves test (right panel). (D-F) The heightened jumping behavior was specific to Tac1-Cre mice, as chemogenetic activation in Pdyn-Cre (D), Nts1-Cre (E), and Calca-CreErt2 (F) had no measurable effect in this test. Notably, injections in these other mouse lines also mark neurons in the PBNl as expected, but in these mice we do not observe labeled projections to the MdD. (G) To more precisely control nociceptor activation and stimulus delivery, we developed an optogenetic alternative to the Hargreaves and hot plate test. Mice were generated that expressed channelrhodopsin in the majority of peptidergic nociceptors (Tac1-Cre; Ai27). Optogenetic excitation of plantar sensory nerve terminals of these animals (STAR Methods) resulted in Fos induction (green) in superficial layers (bottom panel, white arrowheads) co-localizing with tdTomato (from Tac1 sensory neurons) of the dorsal spinal cord, confirming the efficacy of our approach. Representative image of findings from 4 mice per condition. (H and I) To co-activate nociceptors and PBN neurons, we combined optogenetic activation in the periphery with chemogenetic activation in the brainstem. PBNl of Tac1-Cre; Ai27 animals was bilaterally injected with AAV-Flex-hM3dq-mCherry (PBNl Tac1-hM3Dq ; Ai27), which allowed simultaneous optical excitation of sensory terminals in skin and chemogenetic activation of PBNl Tac1 neurons. Mice were tested either with intraperitoneal saline or CNO during either focused illumination of the hind paw with a fiber optic (H) or field stimulation with an LED floor (I). Optogenetic stimulation of plantar nerve terminals via a fiber-attached LED evoked rapid flinching that was not affected by CNO administration (10 trials per animal, 4 mice) (H). However, when mice were placed in the chamber with full-floor stimulation, CNO dramatically altered the behavioral response (5 trials per animal). Normally, a single pulse of LED floor stimulation resulted in a rapid flinch-like response. In striking contrast, the same mice immediately jumped after CNO administration to the identical stimulation protocol (one-way ANOVA, ****p % 0.0001, n = 5 mice). Thus, activation of PBNl Tac1 neurons converts a mild nocifensive reflex into a coordinated heightened escape-like response (I).
licking (<30 s) and ultimately jumping (Video S1). Because we limited hot plate exposure to 30 s, jumping was rarely observed in control animals ( Figure 3C ; Video S1). In contrast, CNO administration in PBNl Tac1-hM3Dq mice resulted in immediate, robust, and repetitive jumping behavior in response to the heat stimulation that bypassed the more moderate aversive responses (Figures 3C and S4B ; Video S1). Noticeably, CNO-treated mice spent almost the entire time jumping, resulting in a concomitant decrease in their licking behavior. Such a pronounced jumping phenotype was not observed in any other strain, including after chemogenetic activation of PBNl Pdyn-hM3Dq , PBNl Nts-hM3Dq , or PBNl Calca-hM3Dq neurons ( Figures 3D-3F ). Furthermore, the same immediate jumping phenotype was observed when the hot plate test was combined with direct optogenetic stimulation of PBNl Tac1 neurons expressing Cre-dependent ChR2, confirming that activity in these neurons is sufficient to drive the heightened behavioral response ( Figures S4C and S4D) .
In order to have better control over the timing of stimulus delivery, we took advantage of the fact that Tac1 is also expressed in peptidergic nociceptors (Browne et al., 2017; Nguyen et al., 2017) . First, we generated mice where channelrhodopsin was expressed in all Tac1 cells by crossing Tac1-Cre into a Credependent ChR2 (Ai27) background. Next, we expressed hM3Dq in the PBNl Tac1 neurons by stereotaxic injection ( Figures  3G-3I ). In these mice, optogenetic simulation of the skin selectively activates cutaneous nociceptors whereas CNO administration only affects PBNl Tac1 neurons. As expected, optical excitation of sensory Tac1 neurons innervating the paw with blue light delivered by a fiber-coupled LED resulted in Fos expression in the superficial layers of spinal cord dorsal horn ( Figure 3G ) and reflexive withdrawals like those observed in the Hargreaves test ( Figure 3H ). Similarly, brief exposure to blue light from an LED floor resulted in a transient flinch response, but not jumping ( Figure 3I ; Video S2). Remarkably, 60 min after these mice received CNO, their responses were transformed. Now blue light from the floor immediately evoked jumping ( Figure 3I ; Video S2). Taken together, these results demonstrate that activity of Tac1 neurons in the PBN dramatically affect behavioral responses evoked by widespread activation of peripheral nociceptors, changing a modest reflexive withdrawal into a much stronger jumping-type escape response.
PBNl Tac1 Neurons Function in Acute and Inflammatory Pain
Injury and/or inflammation dramatically affects behavioral responses to noxious stimuli, including heat (Dubuisson and Dennis, 1977; Holton, 1959) . Given that stimulation of PBNl Tac1 causes an analogous change in behavior ( Figure 3C ), we reasoned that activity of the PBNl Tac1 neurons might mediate some of the injury-induced changes. To test this hypothesis, we selectively ablated PBNl Tac1 neurons using bilateral Credependent expression of diphtheria toxin (DTA) and compared behavioral responses before and after inflammation ( Figures 4A, S6A , and S6B).
At baseline, mice lacking PBNl Tac1 neurons displayed normal responses to noxious heat ( Figures 4B and S6G ). These included spinal reflexes, normal escalating responses to hotplate exposure during 30 s, and preference on a thermal gradient. We next examined responses to heat after injection of ATP that sensitizes neurons through activation of purinergic receptors (Figures S6C and S6D) . Control mice with intact PBNl Tac1 neurons exhibited reduced response latency and heightened jumping ( Figures 4C and S6E) . In contrast, the mice with DTA-mediated ablation of PBNl Tac1 neurons showed no enhanced jumping behavior ( Figure 4C) , although, as expected, response latency (a measure of the spinal reflex) was shorter ( Figure S6F ). These findings validate the PBNl Tac1 neurons as essential for enhanced pain responses to noxious stimuli following acute inflammation.
Intraplantar injection of formalin provides more potent and longer lasting sensitization than ATP; after formalin injection, mice exhibit two distinct phases of pain response (Dubuisson and Dennis, 1977) . During Phase I, the mice repeatedly lick the injected paw for a few minutes. After this, mice transiently return to normal behavior, but then a second, more persistent phase of nocifensive reactions including vigorous paw licking ensues (Figures 4F and 4G) . To further explore the function of PBNl Tac1 neurons in controlling pain responses, we next studied the effects of intraplantar formalin injection on activity of these neurons and the role of such activity on behavioral responses. Formalin injection resulted in pronounced activation of PBNl Tac1 neurons as shown by Fos expression ( Figure 4D ). Ablation of PBNl Tac1 neurons had no effect on the first phase of the formalin response ( Figure 4G ) but markedly attenuated nocifensive behavior (paw licking) in the second phase ( Figure 4G ). Thus, PBNl Tac1 neurons are not just involved in controlling jumping and escape responses but also play a crucial role in other select nocifensive behaviors.
PBNl Tac1 Neurons Receive a Range of Inputs that Include Dorsal Spinal Cord
The parabrachial nucleus receives input from the spinal cord and other brain areas that have been implicated in modulating pain responses (Rodriguez et al., 2017; Todd, 2010) . Given their importance in nocifensive behavior, we predicted PBNl Tac1 neurons are likely to be a direct target of spinal projection neurons, and used rabies-mediated retrograde monosynaptic tracing Wickersham et al., 2007) to test if this was in fact the case ( Figure S5A ). Our data ( Figures S5B and S5C ) revealed that when PBNl Tac1 neurons were used as starter cells, neurons in the superficial spinal cord were labeled. Neurons in the spinal trigeminal nucleus (the projection neurons of the trigeminal system) also provide mono-synaptic input to PBNl Tac1 cells. This input is highly selective as no labeled cells were detected in several other brain regions known to project to the PBNl, including hypothalamus, trigeminal ganglia, BNST, and nucleus tractus solitarius (Alhadeff et al., 2018; Rodriguez et al., 2017) . Intriguingly, however, rabies tracing demonstrated that in addition to sensory input, PBNl Tac1 neurons also receive projections from their two primary anterograde targets-the MdD and CeA (Figures S5B and S5C ).
Brain-wide Chemogenetic Mapping Reveals MdD as a Major Target of PBNl Tac1 Neuron Activity
In situ hybridization and anterograde tracing data (Figures 2 and S2; Table S1) demonstrate that PBNl Tac1 neurons send excitatory projections to many regions of the brain, suggesting they are capable of engaging a complex neural network. We reasoned that Fos labeling after chemogenetic activation of PBNl Tac1 neurons would be a useful tool for determining the extent of their influence on activity. We therefore used iDISCO (Renier et al., , 2016 to clear and stain whole brains of mice after unilateral activation of PBNl Tac1 neurons expressing hM3Dq ( Figures 5A  and 5B ). As expected, CNO administration resulted in robust Fos induction in the PBNl on the side ipsilateral to the injection that was not seen in saline controls or on the contralateral side ( Figure 5B, left panel) . In addition, induction of Fos was observed in all areas targeted by PBNl Tac1 axons. For example, there was unilateral activation of the CeA (Figure 5B, middle panel) , completely consistent with the ipsilateral projection of the PBNl to this region ( Figure S2B ). Notably, as expected from our anatomical tracing and behavioral results ( Figures S4A-S4D) , Fos induction was observed bilaterally throughout the MdD Figure 4 . Heightened Responses to Inflammation Require PBNl Tac1 Neurons (A) Cre-dependent DTA expression efficiently reduced Tac1 expression (red; stars on the right) relative to the other excitatory neurons in the PBNl as marked by Vglut2 (green) and control mice (left side; arrowheads). The number of Tac1-positive cells/section was reduced from 41.33 ± 2 to 8.22 ± 1.03; Student's t test, ****p % 0.0001, n = 9 sections from 6 animals. (B) Neither wild-type nor DTA-treated mice jump on the hot plate test at 55 C within 30 s. The graph shows the number of jumps on the hot plate test for each mouse tested (left panel, n = 7 mice). The latency to react was unaltered in the Hargreaves test (right panel, n = 7 mice). (C) Acute inflammation via intraplantar injection of ATP increases jumping in the hot plate in control PBNl Tac1-mCherry mice. In contrast, mice depleted of Tac1 neurons in the PBNL (PBNl Tac1-DTA ) no longer exhibit the heightened jumping on the hot plate after ATP exposure. Intra-plantar injections were saline (30 mL) or ATP injections (30 mL of 100 mM) (one-way ANOVA with Tukey's multiple comparisons, ***p % 0.001, ****p % 0.0005, n = 6, 9 mice, respectively). (D) In addition to noxious heat and capsaicin, Fos (green) expression is also elevated in the PBNl Tac1-mCherry cells (red) after exposure to intraplantar formalin (lower panel). Quantification of Fos induction by formalin versus saline is shown in right graph; Student's t test, ****p % 0.0001, n = 10 sections from 4 mice. (E) Diagram for experimental strategy for formalin test. (F) Schema depicting the two phases of paw lick behavior typically observed after intraplantar formalin injection. (G) Tac1 neurons modulate responses to formalin. The duration of time spent licking/attending to the injected paw is quantified in 5-min bins over the course of an hour. Quantifications for paw licks in response to formalin show that PBNl Tac1 function is involved in the second, but not the first, phase of the formalin response. Note the long-lasting and significant attenuation of responses in the mice depleted of Tac1-expressing neurons in the PBNl as compared to the controls. Student's t test for pairs of data for each 5 min period, *p % 0.05, ***p % 0.001, ****p % 0.0001, n = 7 mice.
( Figure 5B, right panel) , confirming the MdD as an important downstream target of the PBNl Tac1 neurons.
Distinct Subtypes of PBNl Tac1 Neurons Project to MdD and CeA
To test whether PBNl Tac1 neurons connected to the MdD are anatomically distinct from those targeting the forebrain, we injected retrogradely transported beads of different colors (Figure 5C ) in the two areas most densely targeted by PBNl Tac1 axons, CeA and MdD (Figures 2B and S2B ). Our data ( Figures  5C and 5D) show that projections to CeA (green) and MdD (red) arise from anatomically distinct sites in the Tac1-expressing region of the PBNl. Neurons in the PBNl with projections to the MdD were more caudal than those projecting to the CeA, and, importantly, we never found cell bodies co-labeled with both colors ( Figure 5C ). These findings strongly suggest that PBNl Tac1 neurons project to either the CeA or MdD, but not both. We next adopted a combinatorial genetic approach to confirm the specificity of PBNl Tac1 projections to these two sites. In essence, we injected an AAV vector encoding a Flp-dependent histological marker into the PBNl of Tac1-Cre mice and injected a retrograde vector encoding a Cre-dependent Flp-recombinase (CAV-FF) into the MdD or CeA (see STAR Methods for details). Using this strategy, PBNl Tac1 cells targeting either the MdD or CeA were strongly labeled, allowing axonal projections to be visualized. As predicted from the retro-beads study ( Figure 5C ), projections were specific ( Figure S7) . In mice where CAV-FF was injected into the MdD, projections to the MdD were prominently labeled, but , we adopted a chemogenetic assisted brain-wide mapping strategy based on the Credependent expression of hM3Dq after stereotaxic injection. CNO injection was used to activate PBNl Tac1 neurons expressing DREADDs. Afterward, whole brains were harvested, stained, and cleared with a Fos antibody using IDISCO, and imaged with a light sheet microscope. The imaged brains from saline-injected controls (top) and CNO-injected animals (bottom) are reconstructed in 3D and compared with a reference atlas (Allen Brain Atlas). Representative image of coronal projections shows CNO treatment resulted in induction of Fos at the site of hM3Dq expression (PBNl, bottom left) that was not seen in controls (top left). Increased Fos expression was also found in the CeA (middle images) and the MdD (right images), confirming these locations as two of the primary sites downstream of PBNl Tac1 neurons. Note that other areas not directly targeted by PBNl Tac1 neurons are also seen, including the zona incerta (ZI) (middle image, bottom). Representative image of findings from 4 mice per condition. (C) Green-Retrobeads (Green-Rb) and Red-Rb were stereotaxically delivered in the CeA and MdD, respectively, in wild-type mice. Retrograde transport of Rbs to the PBN from the projection sites at distinct rostral (À5.00 mm from bregma) and caudal coordinates (À5.5 mm from bregma). Note that the neurons labeled from injecting the retrobeads into the CeA are distinct neurons from those labeled by injections in the MdD as indicated by red/green double-labeled cells. Furthermore, the red and green labeled cells are located at different positions along the anterior/posterior axis. Representative image of findings from 3 mice per condition. (D) AAV-Flex-mCherry (PBNl Tac1-mCherry ) (red) expression at both rostral and caudal brain coordinates. ZI, zona incerta. Representative image of findings from 4 mice per condition. no fibers targeting the forebrain regions were detected ( Figures  S7C and S7C') . In contrast, when CAV-FF was injected into the CeA, projections were forebrain specific ( Figures S7B and  S7B' ). Together, these findings demonstrate that subpopulations of PBNl Tac1 neurons project to different brain regions and that more caudal PBNl Tac1 neurons selectively target the MdD.
PBNl-MdD Tac1 Cells Heighten Nocifensive Behavior on the Hot Plate
Since our data strongly implicate the PBNl to MdD projection as a driver for nocifensive behavior, we adapted the combinatorial genetic tracing approach described above to target expression of hM3Dq to the subset of Tac1-Cre neurons projecting to the MdD. For these experiments we used a mouse strain (RC::FL-Dq) where hM3Dq expression is dependent on both Cre and Flp recombinase (Sciolino et al., 2016) .
Compound Tac1-Cre; RC::FL-Dq mice were injected with the retrograde Cre-dependent Flp vector CAV-FF in either the CeA or MdD (Figures 6A-6D ). Both injections resulted in hM3Dq expression in the PBNl (Figures 6B and 6D) , and CNO administration elevated Fos expression in this region of the brain ( Figures  6B, 6D, and 6E ). However, as expected, activation of PBNl Tac1 neurons projecting to the CeA did not induce significant Fos expression in the MdD (Figures 6F and 6G) . Activation of MdDprojecting PBNl Tac1 neurons was also specific, with little Fos induction in the CeA (Figures 6F and 6G) . We next tested the behavioral effects of selectively activating either PBNl-CeA Tac1 or PBNl-MdD Tac1 neurons. Strikingly, CNO administration in mice injected with CAV-FF at the MdD recapitulated the elevated responses in the hot plate test, whereas those injected in the CeA had no observable effect in this assay ( Figure 6H) . These results demonstrate a major functional distinction between these two subpopulations of PBNl Tac1 neurons and support our identification of PBNl-MdD Tac1 neurons as being a critical component of a brainstem circuit that controls nocifensive behavioral responses.
PBNl-MdD Tac1 Neurons Create a Pronociceptive Tac1
Brainstem-Spinal Circuit Interestingly, a subset of glutamatergic neurons in the MdD express Tac1 ( Figure 7A ). Anterograde tracing from the dorsal MdD showed that these neurons revealed projections to the superficial layer I of the dorsal spinal cord and also to the PBN (Figure 7B, middle panel) . Given the importance of PBNl-MdD Tac1 neurons in modulating nocifensive behavior, we hypothesized that MdD Tac1 neurons might be part of the descending pronociceptive brainstem circuit, linking PBN activation and output circuits in the spinal cord.
To probe PBNl Tac1 -MdD Tac1 connectivity, we generated a compound heterozygous strain carrying both Tac1-Cre and Tac1-tagRFP (Wu et al., 2018) alleles. In these mice, Tac1-neurons are labeled with tagRFP ( Figure S1D ), while Cre-mediated labeling of select subsets using AAV-GFP injection allowed us to trace specific projections. This approach revealed that projections from the PBNl to the MdD are tightly juxtaposed with tagRFP-positive cell bodies ( Figures 7C and 7D) . We next used high-resolution microscopy and a synaptophysin-fused YFP (Syp-YFP) combined with PSD95-fused tagRFP (PSD95-tagRFP) to confirm connectivity. We generated mice where PBNl Tac1 pre-synaptic termini were labeled with Syp-GFP and MdD Tac1 neurons were marked with PSD95-TagRFP ( Figures  7E and 7F) . Super-resolution imaging (Zeiss Airyscan) of the MdD from such mice demonstrated close association of presynaptic termini of PBNl Tac1 neurons with post-synaptic specializations (marked with PSD95) in MdD Tac1 neurons ( Figure 7F) . These results establish connectivity between Tac1-positive neurons in two brainstem regions, supporting a role for MdD Tac1 neurons in linking the PBN to circuits in the spinal cord.
We next examined whether MdD Tac1 neurons indeed link the PBN to the spinal cord. We selectively expressed hM3Dq in MdD Tac1 neurons (Figures 7G and 7H) and then tested the effect of chemogenetic activation of these neurons with CNO. As expected, CNO administration in these mice caused hyper-locomotion in a hot plate assay ( Figure 7I ), phenocopying the behavior induced by activation of PBNl Tac1 cells (Figure 3 ). Together these results strongly support the existence of a Tac1 brainstem circuit that excites spinal cord neurons and promotes heightened responses to noxious heat ( Figure S8B ). Consistant with this model, ablation of MdDTac1 neurons using DTA significantly attenuated jumping on the hot plate in response to ATP ( Figures 7J and 7K) . Interestingly, activation of MdD Tac1 neurons also sensitized withdrawal in the Hargreaves test (Figure 7I) . In contrast, activation of PBNl Tac1 cells ( Figure 3C ) had no effect on reflex responses to heat. Thus, it is likely that MdD Tac1 neurons are heterogeneous and play roles in distinct aspects of nociceptive behavior. Future studies, tracing connectivity and targeting subsets of MdD Tac1 neurons, will likely provide additional important information about how the behavioral responses to painful stimuli are regulated by subcortical circuits.
DISCUSSION
Our data provide evidence that divergent streams of information emanate from the PBNl with distinct functional significance. On the one hand, prominent projections to higher brain areas including the insular cortex, amygdala, and thalamus likely serve as an alarm signal for various noxious stimuli and are involved in affective motivation responses and threat learning as reported earlier . We now describe and characterize a second and separate circuit involving a brain stem-spinal cord pathway that selectively controls the nociceptive motor response and dramatically modifies behavior without forebrain involvement.
More than 25 years ago, Almeida et al. (1993) postulated that a feedforward loop involving the spinal cord and reticular formation might serve as a reverberatory circuit for amplifying pain (Dugast et al., 2003) . Our data provide three key findings consistent with this model. First, activation of PBNl Tac1 neurons promotes heightened responses to noxious stimuli by providing excitatory input into the MdD (Figures 2, 3C, and 6H) ; second, within the MdD, a subset of excitatory neurons also express Tac1 and similarly enhance responses to noxious stimuli ( Figure 7) ; and finally, these MdD Tac1 cells form reciprocal feedforward excitatory connections to both the PBNl and the dorsal spinal cord ( Figure 7B ). Conceptually, this spinal-brainstem reverberatory circuit would transform transient nociceptive signals arriving from the periphery into long-lasting, widespread activation. Indeed, it is well established that spinal neurons exhibit wind-up characterized by extended hyper-excitability in response to sensory input. Local excitatory interneurons in the spinal cord have been shown to play a role in the long-lasting increased excitability of dorsal horn projection neurons (Hachisuka et al., 2018) . Our data support a model where descending excitation from the PBNl and MdD ( Figure 7J ) would strongly augment this nociceptive input to the brain.
Tac1 neurons in both the PBNl and MdD provide potential sites for modulation of nociception by higher centers to help ensure contextually appropriate behavior. The identification of the Tac1 brainstem circuit provides new insight into how responses to noxious stimuli may be controlled by top-down input. A wide variety of brain regions send projections to the PBNl ( Figure S5 ) and competing need states are known to potently modulate pain responses (Alhadeff et al., 2018; Kaur et al., 2017; Roman et al., 2016; Sohn et al., 2013) . Better characterization of the inputs to PBNl Tac1 and MdD Tac1 neurons should offer important insight into the coordination of pain responses with other biological needs (e.g., feeding, reproduction, avoiding predators, etc.) and may offer future opportunities for understanding how this (red) . Note that the viral GFP expression is much stronger than the expression of tagRFP coming from Tac1 promoter and that the GFP in axons is strongly labeled (right panels). Importantly, the green axons project closely to the cell bodies of MdD Tac1 neurons (right panel, red cells marked by white arrowheads). Representative image of findings from 3 mice. (E) To provide anatomical evidence for connections between Tac1 cells in both regions, Tac1 Cre mice were dually injected with two viral vectors. The PBNl was injected with pre-synaptic marker (Syp-GFP) and the MdD with a postsynaptic marker (PSD95-tagRFP). system becomes dysregulated during chronic pain. Interestingly, PBNl Tac1 neurons expressed Oprm1 ( Figure S1C ), in agreement with recent findings (Wang et al., 2018) .
Rarely, if ever, do we jump as the result of a mosquito bite, or scratch when we step on a pin. Such rapid subconscious responses require specific circuitry tuned to elicit appropriate behaviors based on sensory input. Activation of PBN Tac1 neurons immediately affected an animal's response in the hot plate assay by inducing jumping (Figure 3C ) and produced the same response during wide-field optogenetic activation of nociceptors ( Figure 3I ; Video S2). By contrast, the lack of spontaneous response when Tac1 cells are activated in the absence of a stimulus is significant. Moreover, responses to pruritogens or to cold are not affected by activation of these neurons ( Figure S3 ), suggesting PBN Tac1 neurons have a very restricted role in controlling responses to noxious stimuli. Furthermore, punctate heat did not produce jumping, demonstrating that heat alone does not account for the response. On the other hand, activation of the MdD Tac1 cells was more broadly pronociceptive ( Figure 7I ), suggesting these cells may be functionally heterogeneous.
Previously, MdD cells were shown to project to both superficial and deeper layers of the spinal cord, indicating MdD cells can potentially modulate activity of pre-motor networks (Almeida et al., 1993) . However, since projections of dorsal MdD Tac1 cells are limited to the superficial layers of the spinal cord ( Figure 7B ), these neurons are unlikely to activate pre-motor neurons directly. Reduction of paw licking in the PBNl DTA mice in the second phase of formalin ( Figure 4G ) indicates that PBNl Tac1 neurons are not uniquely tuned to noxious stimulation but can be involved in nocifensive behaviors induced by noxious chemicals, such as formalin. Interestingly, central circuits are primarily responsible for the second phase of the formalin response. One possibility is that descending projections from areas known to be important for chronic pain such as the amygdala, periaqueductal gray, or anterior cingulate cortex may directly or indirectly modulate Tac1 cells in the PBNl and MdD as a means of tuning pain responses.
An interesting feature of our study is that activation of PBN Tac1 neurons does not produce nocifensive responses on its own ( Figures 3C and 3G-3I) but has a major effect on responses to sensory cues. Our speculation is that peripheral stimulation provides the context necessary to trigger a specific behavioral response. Though quite different, a useful analogy is the wellknown stimulation of feeding by activation of AgRP neurons in the arcuate ; in the absence of food, an animal may appear agitated, but the full expression of the salient behavior is not observed because it cannot eat. For the circuit we describe, peripheral signals may provide location, quality, and other salient features required for the full expression of behavior. In this scenario, the Pbn-MdD circuit would change signal processing to strengthen appropriate nocifensive responses, but when artificially activated absent of context ( Figures 3C and  3G-3I ), would not be expected to elicit a recognizable response.
In the future it will be important to identify the neural circuits that influence other types of stereotyped responses such as scratching, wiping, and guarding. It is tempting to speculate that subsets of other neuropeptide expressing neurons in the PBN may play a role in some of these. Determining how these different nocifensive behaviors are generated will ultimately be important in defining the mechanisms that allow contextually appropriate behaviors to be selected.
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Detailed methods are provided in the online version of this paper and include the following: 
